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A seintillation counter telescope has been constructed 
with which the yields of protons, deuterons, and tritons 
photoejected from Be, С, and Pb targets by 280 and 140 Mev 
bremsstrahlung were investigated. Relative yields of the 
protons, deuterons, and tritons agree with measurements of 
deuteron-to-proton ratios by De Wire et 21(3) if one assumes 
that the Cornell group did not resolve tritons from deuterons. 

iferential cross sections for 20 to 40 Mev pero ا‎ re 
in reasonable agreement with Levinthal and Silvermani\?@) con- 
sidering that the deuterons and tritons seen here were counted 
as protons in these earlier measurements. The anguler distri- 
butions of 20 to 40 Mev protons and deuterons show forward 
asymmetries. Within the experimental uncertainties, the tri- 
tons also can have forward angular asymmetry. The percentages 
of the number of deuterons to the number of protons per unit 
energy interval at 909 to the beam are 15.6 + 2.2 for Be, 
12.7 + 2.2 for C, and 19.6 + 3.1 for Pb. These ratios appear 
to be proportional to A/Z. Corresponding tríton-to-proton 
ratios are 4.8 + 1,2, 3.0 + 1,0, and 5.1 + 1,5 for Be, C, <r? 
Pb, respectively. 


All the ahove observations are consistent with a model 
wherein the deuterons and tritons are formed by photoprotons 
and photoneutrons which pick up additional nucleons. Both 
deuterons and tritons are found, though in somewhat smaller 
numbers relative to the protons, when the beem energy is re- 
duced to 140 Mev, indicating that mesonic effects alone cannot 
account for the production of these particles. 


Thesis Supervisor: Jack V. Rosengren 
Instructor in Physics 
Massachusetts Institute of Technology 
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I. INTRODUCTION AND THEORY 





Of the several theories advanced to explain the neutron 
and proton yields of photonuclear reactions, none predict 
within several orders of magnitude the large numbers of photo- 
deuterons that have been observed, (172) Byerly and Stevens 3) 
measured the energies and angular distributions of protons, 
deuterons, and alpha particles, and the energy distribution 
of neutrons from copper irradiated with 24 Mev betatron 
bremsstrahlung, identifying the particles by grain density 
of tracks and their range in photographic emulsions. The 
ratio of the yields of 2-6 Mev deuterons to 2-13 Mev protons 
was found to be 0.32 + 30 percent and they coneluded that 
neither the statistical modes 4) Which pictures particles 
evaporating from a compound nucleus, nor a direct nuclear 
опофо-еёгесё (56) could account for the high number of deu- 
terons observed. However, Cameron 19) hes suggested that a 
radially polarized deuteron could be favored over a proton 
in the statistical decay of a compound nucleus. Byerly and 
Stevens suggested that a "pick-up" process might be responsible 
for the deuterons end if so, that one would expect to see a 
few tritons as well. The pick-up mechanism will be described 
in detail in later paragraphs. 

Another early measurement of the relative deuteron to 


proton yield was mede by Smith and Laslett @ who irradiated 
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а copper target with 65 Mev bremsstrahlung. Using the meas- 
ured radius of curvature of tracks produced in the magnetic 
field of a 12" cloud chamber to identify deuterons and protons, 
they reported a relative yield of about 0,5 in the energy in- 
terval of 1 бо 20 Mev, Like the grain density method used by 
Byerly and Stevens, this technique is relatively insensitive 
to mass; hence, experimental uncertainties in their measure- 
ments were large. 

De Wire et a1 2) using a seintillation counter telescope 
to distinguish deuterons from protons, measured yield ratios at 
90° in the laboretory system resulting from bomberdment of Ag, 
Br, Al, Mo, W, C, Cu, and Pb targets with 310 Mev brensstrahlung. 
The equipment consisted of two NaI(T1) crystals which measured 
quantities proportional to dE/dx and E. The two outputs were 
multiplied electronically giving a product pulse approximately 


м9.8,8,0.8, Pulse height analysis showed good 


proportional to 
resolution between proton and deuteron groups. Deuteron-to- 
proton yield ratios for 40 Mev particles were found to increase 
with A from 0,12 for С to 0.24 for Pb with 10 percent statis- 
tics. Angular distributions of deuterons with 40 Mev mean en- 
ergy from C, Cu, Ag, and Pb were reported to be roughly the 

same as those for photoprotons of equal energy. These workers 
concluded that the A and Z dependence, energy dependence, and 
the angular distributions of the deuteron yields were suggestive 


of a (yn) or (y,p) reaction followed by a pick-up process. Но 


tritons were reported. 
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The pick-up process suggested by some of these workers 
may be described as an inverse stripping reaction! "+9 york (9) 


(10) observed that bombardments of nuclei 


and Hedley and York 
with 90 Mev neutrons result ln au unexpectedly large yield of 
deuterons with energies of the same order as the incident neu- 
trons, and with angular distributions peaked sharply forward. 


Se1ove 3) 


obtained similar results using a proton beam. The 
theoretical treatment of Chew and Goldberger i^) which is in 
reasonably good agreement with the observed date, postulates 
a sudden rearrangement wherein a proton is transferred from the 
target nucleus to the passing neutron. It assumes that the prob- 
ability o? producing a deuteron of « particular momentum K by 
an incident neutron with momentum k depends simply on the prob- 
ability of finding a proton of momentum (K - v) in the nucleus. 
Recent evidence fron (р, є) 22 and (п, є) (34) reactions 
indicates that the pick-up process may be responsible for a 
considerabls fraetion of the triton yields observed, especially 
when there are two loosely~bound nucleons availiable in the tar- 
get nucleus. Thus, the deuterons and possibly tritons observed 
in photonuciear reactions could be the result of a two-step 
process; the phote-ejection of a neutron or proton which then 
picks up one or more partners in escaping from the nucleus. 
Insofar as the measured cross sections from these experiments 
can be applied to photodeuterons, there is an order-of-magnituce 


agreement with the photodeuteron to photopreton ratios seen. 
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If tnis is the correct model, one shoulä expect to find deu- 
terons and perhaps tritons with angular and energy dependences 
following those of the parent neutrons aad protons. 

Another possible model involves tne pnotodisintegration 
of a nuclear subunit, such as tne pseudodeuteron proposed by 
Levinger 9 to explain energy spectra and anguler distri- 
butions of high energy photoprotons. Ina similar manner, a 
disintegration of s pseudo-salphe particle within the nucleus 
might result in two recoiling deuterons, or a proton and a 
triton. 

When photons with energies above the meson threshold are 
involved, it appears that many of the observed photonuclear 
reactions are produced by photons captured by meson-contributed 


mechanisms. Results of studies (17,18) 


of stars produced by 
high energy x-rays in photographic emuisions indicate that they 
may be produced by the production and reabsorption of mesons 
inside the nucleus. The resulting nuclear fragments might be 
expected to include deuterons and tritons, especiaily since 
the heavier hydrogen isotopes have been identified in substan- 
tial numbers in secondary perticies from nuclear interactions 
of cosmic rays. 

Menon and Roehat (19 examined the 15 to 50 Mev particles 
from eosmic ray stars, using tne multiple Scattering as a fune- 
tion of residual range in photographic emulsions to differentiate 


between deuterons, tritons, and protons, The measured emission 
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ratio from stars corresponcing to nuclear excitations of less 
than 300 Mev was (d + t)/(p + d + t) = 0.21 + 0.08. This is 

in agreement with the theoretical treatment of Le Couteur (20) 
who applied Weisskopf!s evanore tion moiel to highly excited 
nuclei, and included both the effect of thermal expansion of 

the nucleus on the nuclear barrier and the neutron excess during 
statistical decay. Good agreement has also been found between 
observed energy and angular distributions from cosmic ray sters 
and the predictions of the theory of evavoration from an excited 
nucleus, Since photomeson production is thought to be a single 
nucleon process, and meson yields are observed to vary 25 4573, 
one might expect that the numbers of reabsorbed mesons producing 
stars would vary as М3, 

There ere cther possible interactions involving mesons, 
both real and virtual, which could be responsible Tor photo- 
deuterons or tritons. For example, a bigh energy photon might 
interact directly with г two or three nueleon nuclecr suounit 
to form a meson and a recoiling deuteron or triton. hc cross 
sections for sueh processes should be extremely low, however. 

The experiment to be deseribed was uncertazen to improve 
and extend the data available on the photonuclear yields of 
protons, deuterons, and tritons. Specific reguirements included 
the positive identification of these particles and the measure~ 
ment of their angular distributions and relative ylelds, with 


maximum photon energies both above ana below meson threshold. 
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11. EQUIPMENT DESIGE AND CONSTRUCTION 


А. General 
The principle of simultaneous measurements of energy 
and specific energy loss (dE/dx) to identify charged par- 
ticles was chosen over other identification techniques for 
its ease of instrumentation using scintilletion counters 
and for the relatively good discrimination offered between 
protons, deuterons, and tritons. In Appendix I it is shown 
that over a limited energy range the product of dE/dx and £ 
is approximately constant for a given particle, and for par- 


ticles of the same energy, the ratios of specific ionizations 


(4Е/4х) (4Е/4х) 
аге — a = 1.66, and م ر‎ = 2.23. 
proton proton 


As is indicated schematically in Fic. 4, the counter 
telescope consisted of four counters, Counters were des- 
ignated 1, 2, 3, and 4, referring to their sequence in the 
telescope assembly. To be counted, a particle was required 
to cause a coincidence in counters No. 1 and No. 3 without 
causing an anticoincldence in counters Ко. 2 or No. 4; thus, 
No, 2 defined the telescope aperture and No, 4 defined maxi- 
mum range, while Nos. 1 and 3 measured specific energy loss 
and energy respectively. 

The outputs of counters No. 1 anc No. 3 were placed in 


quadrature on the plates of an oscilloscope with any enti- 
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coincident output from Ко. 2 ог Но. 4 flashing a neon bulb. 
Both scope face and bulb were photographed. Since the prod- 
uct of the outputs of counters No. 1 and No. 3 were approxi- 
mately constant for a given particle (see Appendix Г), the 
loci of the end points of the scope traces followed a series 
of hyperbolas, one curve for each type of particle. With a 
proper selection of amplifier gain, the presentation of the 
proton, deuteron, and triton hyperbolas could be optimized, 

Iso-mass lines for this telescope were calculated using 
the curves of Aron 23) and are shown in Fig. Б, Energies 
indicated on the curves refer to particles leaving the target; 
therefore, to obtsin the energy of the particle that was photo- 
produced, energy lost in the target must be added. For the 
thin targets used in this experiment and in the energy range 
considered, mean energies lost in the targets ranged from 8 
Mev for £0 Mev protons to 1 Mev for 50 Mev protons. 

The upper limits to the curves were set by the stopping 
power of the back. NaI crystal. A particle with energy greater 
than these maxima would enter the No. 4 anticoincidence counter 
and would not be recorded, 

The theoretical iso-mass lines of Fig. 5, of course, do 
not indicate the uncertainties in mess resolution expected in 
an actual experiment. One of the dominant factors affecting 
resolution of this equipment was statistical fluctuations in 


the energy lost in the counters by charged particles. It can 
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be shown that in the thin Nal(T1) erystal this Landsu-Symon 
effeer(??) was quite important and was of the order of +9 
percent. Statistical fluctuetions in photomultiplier photo- 
cathode and dynode multiplication contributed an additional 
+5 percent in the front counter. Variations in phototube 
voltages, although held to 40.2 percent, may account for var- 
dations of +1.4 percent in overall tube gains, In addition, 
very large effects could be contributed by imperfections in 
the crystals and nonuniform light collection. Uniformity of 
the useful area of counter No. 3 was measured to be +5 percent 
using a collimated beta source; however, small variations in 
the thin crystal of counter No. 1 could be much more importent. 
Thus, an overall uncertainty in measurements of dE/dx less 
then 410,4 percent was not expected. Since а - (ав/ах) 27, 
this meant a minimum uncertainty in mass resolution of +13.% 


percent. 


B. Choice of scintillators 

Sodium iodide, thallium-activated, was chosen as the 
scintillator for both dE/dx and E measurements because of 
its linear response. In Appendix II, this choice is supported 
by a comperison with the potential mass discrimination avail- 


able using anthracene. Nal(T1) hes a conversion efficiency 


of ~8.4 percent (conversion efficiency С = (hyaan үлеге 
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(nv) is average photon energy, n_ is number of photons 


emitted, and AE is energy lost ха erystal by the cherged 
particle), and is highly trensparent to its own radistion 
which peaks at 4100 $. Its emission spectrum is very well 
matched by the cathode frecuency response of available pheto- 
multipliers, The disadvantages of Nal(f1) over other scin- 
tilletors are its relatively slow (0.25 psec) decay time and 
its deliquescence. Тһе latter property posed Ерөс1:1 design 
problems for the counters. 

The anticoincidenee counters which defined solid angle 
and energy range accepted by the telescope hed no such restrie- 
tions on linearity of response imposed on Ho. 1 and No. 3; 
therefore, plastic scintillators were chosen for ther. The 
plastic was polyvinyltoluene with terphenyl added, commercially 
available as Pilot B from Pilot Chemical Co. Individual coun- 


ter construction details are shown in Figs. 1, 2, and 3. 


С. Counter construction 

In the manufacture of the thin crystal for counter Ko. 
1, use was made of the deliquesecence of NaI. А 1" 0,2., 1/8" 
thick KaI wafer purchased from Tracerleb was placed ina jig 
consisting of a РО mil thick celluloid pattern cemented to a 
lucite block, The crystal wes reduced to the thickness of the 
celluloid by wiping it with a wet cloth stretehed over s flat 


board, It was then placed in a dry box where the excess 
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moisture was removed by alternately dipping into glycerine 
and wiping it off. The finished crystal was measured to be 
176.7 + 4 percent mg/cm”. It was sealed into counter No. 1 
to which was attached a side arm containing Polg drying agent. 
The crystal was secured to the front counter window by small 
strips of seotch tape. As may be seen from Figs. 1 and 4, it 
was viewed at an angle of 45° by its photomultiplier. This 
configuration was chosen to maximize light collection at the 
photocathode with a minimum of stopping power in the first 
counter. 

The large NaI crystal for counter No. 3 was prepared by 
placing it in a lathe and reducing its diameter to 3 7/8" by 
rubbing the turning crystal with a wet cloth stretched over a 
board, It was then placed in a dry box and sealed into its 
counter to which, like Ko. 1, a container of РоОвмаз attached. 
The finished erystal had a measured thickness of 4172.4 ng/cu", 

The construction of counters No. £ and No., 4 presented no 


particular problems and can be followed from an examination 


of Fig. 3. 
D. Electronics 


À block diagrem of the eguipment is shown ín Fig. 4. 
Output signals from the cathode followers were shaped to 
square pulses by delay line clippers and amplified by linear 
Model 501 amplifiers. Outputs from the No. 1 and No. 3 
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amplifiers were delayed for 1 psec and then placed on the 
y and x plates of the oscilloscope. Undelayed output sig- 
nals which were above levels set on the Schmidt discriminators, 
in coincidence with each other and with a 2000 psec gate 
triggered by the synchrotron peaking strip, triggered a block- 
ing oscillator the output of which intensified the oscilloscope. 
Any signal from counters Ko. 2 or No. 4 in coincidence with 
the output of this blocking oscillator flashed a neon anti- 
coincidence light which wes photographed along with the 
oscilloscope trace on 16 mm Kodak Linagraph Pan film, 

The camera used was a Bell and Howell with f/1.5 lens. 
In order to obtain the necessary intensity to make the photo- 
graphic process possible, an oscilloscope was constructed with 
a 5ХР1] cathode-ray tube operating at 12 kev. Continuous film 
drive was provided by an electric motor coupled to the camera 
through a reduction gear, The motor speed was adjusted to 
the Ko. 1 and No. 3 coincidence counting rate in order to pre- 
vent excessive overlap of traces. X and Y axes were photo- 
graphed at least once on each film roll sand were used to pro- 


vide a reference when measuring the pulse coordinates. 
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III. EXPERIMENTAL ARRANGEMENT AED MEASUREMENTS 


A. Geometry 


Figure 6 1s a photograph of the apperatus as arranged 
for this experiment. The counters of the telescope were 
mounted on a 5/8" plywood base and the assembly was aligned 
to a common horizontal axis. The base was then securely 
bolted to a steel turntable. 

The target holder consisted of a frame of thin lucite 
which was held at an angle of 45° to the beam by a rod through 
the turntable axis. The center of the target frame was aligned 
optically with the telescope axis, 8 inches from the front 
counter. Beam position and collimation were checked by ex- 
posure of Polaroid Land Camera film at the target position. 
Each of the thin targets used, 149.19 mg/ em" Be, 103.8 mg/em™ 
C, and 270.8 me/em™ Pb, had substantially larger areas than 
the beam, whose diameter was approximately 1 5/8" at the tar- 
get center. The position of the lead shielding was adjusted, 
to minimize background counting rate each time the turntable 
angle was changed. 

With the errangement described, the angular resolution 
of the telescope was defined by the anticoinclidence aperture 
(counter No. 2), and was estimated to be +2.3° et 80° and 


+2.7° at 45% aná 135%, In making sngular changes the targets 
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were held fixed at an angle of 45° to the bean, so that the 
effective target thicknesses were increased by a factor of 


J/9 over the values listed above. 


В. Measurements 


The major portion of the measurements were made with a 
maximum beam energy of 280 Mev. At least two runs were made 
оп each target at 45°, 909, and 135° to the beam as well as 
a no-target run for background at each angle. In addition, 
several runs were made on the Pb target at 90° using a bean 
energy of 140 Mey. 

Final data were read from the developed film by projecting 
in a microfilm viewer. Coordinates of the end points of traces 
not accompanied by an antieoincidence pulse were plotted as 
shown in Fig. 7. Principally with the Pb target, some short 
traces falling inside x = 3, y = 3 were seen. These were 
probably electrons or mesons and were not plotted. There were, 
in addition, a few traces not plotted whose random shapes indi- 
cated that they were due to accidental coincidences. It was 
found that some of the traces with y coordinates less than 
about 1.8 had no identifiable origins. This was attributed 
to jitter in firing the multivibrator of the Ко. 1 discrim- 
inator, and undoubtedly resulted in the loss of some of the 
more energetic protons. For this reason, no proton data were 


anslyzed beyond x = 13, corresponding to about 40 Mev. 
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Á few traces with large y deflections having end points 
off the scope were seen in all runs except those at 1/2 beam 
energy. These could have been from multiply charged nuclear 


fragments, possibly пе" ог не? 


nuclei, 
C. Mass resolution 

Ву normalizing the observed data of Fig. 7 to tho theor- 
etical curves of Fig. 5, one obtains a mass scale from which 
the pulse height distribution of Fig. 8 was plotted. As may be 
been from this figure, there are elearly three groups of par- 
ticles corresponcing to pretons, deuterons, and tritons. The 
proton mase is resolved to +20 pereent, aot much poorer than 
the tngeretical maximum of 413.2 percent whieh was computed 
earlier. 

Та Appendix Til, it is shown that the statistical mass 


resolution Am, for eny singly 2. particle relative to 


0.64 
that for the protons Am, із до ж (В) . With 
р 


At- 
An, = 0.2 mass units, corresponding standard deviations in 


mass fer deuterons and tritons are 
Aw, = 0.2(2)9°® = 0,31 
and Да, = 0.2(3) 06° = 0,40. 


Thus, considerable overlap of the tails of the deuteron and 


triton distributions is te be expected; however, the resolution 
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should be sulficient to perzit & reasoneble separation of 
these perticles. 

Figure 9 is a couposite of Z4 runs on all targets at 
all angles, plotted to show mass resolution between deuterons 
&nd triions vitn numbers large enough to give good statis- 
ties. Although small variations in amplifier gains and tube 
voltages between runs teng to wash out the velley betveen 


deuterons and tritens, the separation is stili distinct. 
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IV. REDUCTION OF DATA AND RESULTS 


А. Energy calibration 

Calibration of the energy scele was made by identifying 
the proton end point at x = 18.3 with the calculated value of 
51.1 Mev shown in Fig. 5 for protons which Just got through 
counter No. 3. Because of the loss of higher energy protons 
into the No. 1 discriminator bias discussed earlier, the use- 
ful energy range for comparative particle yields wes limited 


to 20-40 Мвү, 


В, Во ugh de {г 


The numbers of traces counted in each particle group as 
well as those traces not accepted for reasons discussed in 
the preceding section are summarized in Table 1. Yields in the 
energy groups 20-30 Mev, 30-40 Mev, and 20-40 Mev calculated 
for equal beam monitor readings end corrected for background 


are listed in Table £ with corresponding standard deviations. 


С, Angular distributions 


The variations in yields with angle have been plotted for 
protons, deuterons, and tritons in Fig. 10. Values at 45° 
and 135° are plotted relative to the values measured at 90°. 


The errors on the curve are statistical. There is general 
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Target 
(mice)* 
Be 45° | 100 
20° Br rn. 


135° ise 1 185 |22111 
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* 1 mouse = 1.16 x 108 ва. quanta 
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Ве 45° 
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Pb 45° 


1359 


Pb 90° 
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Partlels yields per 100 nice correeted for background. 


20-30 Мет 
P d 
119 10.65 
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+ 8.33%, | 210,56%, 


39.8 8.73 
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38440 Ne ` 20-40 Мет 
t р а t 
2.17 
+ 61.4% 236.37, 
3.93, 1.39 
+ 29.0% 256.8 
3.61 1.01 
+ 30.7% £35.44 
1.58 
+ 88,47, 
2.44 
+ 49 
2.15 
|£ 38.87. 
1,94 4.90 
310389). 446.4% 
| 482 1.31 119,5 
+ 32.3% + 20.3% | #71.6% | #6.49% + 
2.01 7.72 2.01 99,7 
%51.75% + 20.9% | +41.09 | 29-23" 2 
22“ 66.1 
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agreement in the proton anguler distribution with that 
reported by Levinthal and Silverman ^) for 40 Mev protons. 
Within the standard error, the deuteron distribution also 
shows forward asymmetry ae reported by De wire. (2) Although 
the uncertainties are quite large in the triton measurements, 


there is some indication of forward asymmetry here also. 


р, Relative particle yields 
The observed deuteron-to-proton (d/p) and triton-to~ 

proton (t/p) yield ratios corrected for background ere sun- 
marized in Table 3. Errors listed are standard deviations 

due to counting statistics only. These data are in reasonable 
agreement with those of De Vire, V^) particularly if one assumes 
that the triton yielás here observed were counted as deuterons 
by the Cornell group. The figures below compare the net ratios 
measured here for deuterons and tritons at 90° with the а/р 


values reported by De Wire. 


This experiment De Wire 

(a/p + t/p) x 100 d/p x j 
Be 20.6 + ?.5 #1 + 2.1 
C 15.7 4 2.4 12 + 1.2 
Pb 24.9 + 3.4 ра + 2.4 


&/p and t/p ratios appear to be somewhat lower for the run et 
half bean energy, although the statistical uncertainties are 


very large, sspecially for the tritons, 
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E. Absolute value of differentia’ cross sections 
The following differential cross sections in » barns/Q- 
Mev-steradian for 20-40 Mev particles at 90% to the 280 Mev 


beam have been computed: 


Protons Deuterons Iri Total 
Be 1.21 £0.11 0.191 + 0.027 0.058 + 0.014 1.46 + 0.11 
C 2.47 40.23 0.314 + 0.055 0.074 + 0.026 2.85 + 0.24 
Pb 17.2 +1.5 3.40 40.99 0,89 +0.14 21.5 + 1.8 


(One Q, or equivalent quantum, corresponds to £80 Mev of photon 
energy; 1,e., the number of Q is the energy in the beam divided 
by the maximum photon energy.) The beam monitor calibration 
for 320 Мет, 11.55 x 10" Q/mouse, has been used for the 280 
Mev beam with the assumption that the error so introduced is 
not significant. 

Corresponding weighted meen values for 20-40 Mev protons 
computed from the measurements of Levinthal and Silverman 24 
аге 7.89 y barns/Mev-Q-steradian for Pb and 0,60 y barns/Mev- 
Q-steradian for C. Comparison of the measurements at "70 Mev 
by these investigators with the measurements of Кеск (29) indi- 
cate that their data may be low at least by a factor of four. 
Tnis is in agreement within the uncertainty of the beam call- 
bration (+30 percent) with the values calculated in this exper- 
iment for the sum of the cross sections for protons, deuterons, 


and tritons. 
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Variation of eross sections with atomic number is 


similar to that measured by Levinthal end Silverman. 


Ғ. 4/2 dependence 


The d/p ratios measured at 30° for Be, C, and Pb, as 
well as the value published by De Wire for Cu ere plotted in 
Fig. ll, against A/Z of the target nucleus. There appears te 
be a linear relationship, d/p X A/Z. As was indicated earlier, 
the d/p value reported by De Wire for Cu probably included 


some tritons. 
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To summarize the results of this experiment: 

(1) Large deuteron and triton yields have been measured 
from widely dissimilar nuclices irradiated by 280 Mev 
bremsstrahlung. 

(2) Both deuterons and tritons are found, though in 
smaller numbers relative to the protons, when the beam energy 
is reduced to 140 Mev. 

(3) Angular distributions of protons, deuterons, and 
possibly tritons are roughly similar. 

(4) There appears to be a linear relationship d/p a A/Z. 

It will be shown that none of the above observations are 
inconsistent with a pick-up process for production of deuterons 
and tritons. 

The deuteron and triton pick-up cross sections (9s10,11,13,14) 
measured by bombardment of nuclei with neutrons and pretons 
indicate that the d/p and t/p ratios here reported are of the 
order of magnitude to be expected from this mechanism. A crude 
prediction of the d/p or t/p ratio to be expected from pick-up 
can be made by taking the ratio of the measured pick-up cross 
section to the total nuclear cross section. Such comparisons, 
of course, cannot be taken too seriously, since the two experi- 


ments are quite different. In one case a monoenergetic neutron 
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or proton beam is incident upon a nucleus in its ground state 
from which one particle is removed, while in the photonuclear 
reaction, the parent proton or neutron originetes in the nucleus 
by some unspecified mechanism and possibly picks up a partner 

or partners from a highly excited assemblage of nucleons. Both 
the pick-up cross sections and the observed d/p ratios are 
energy dependent, and it is unfortunate that at this time there 
are no published experimental cross sections for deuteron and 
triton pick-up using bombarding particle energies in the range 
covered by this experiment. 

Since beth deuterons ana tritons were observed using a 
maximum beam energy no greater than meson threshold, it is 
probable that mesonic effects do not play the dominant role 
in the photoproduction of these particles. A more convincing 
case could be made if more data had been obtained at reduced 
energy; however, the low intensity of the М.І.Т. synchrotron 
beam at this energy made satisfactory exposures prohibitively 
long. 

The similarities in the angular distributions of deuterons 
to those of protons of the same energy is consistent with a 
pick-up process, since in this process the deuterons are dragged 
along with the parent protons (and neutrons). A contribution 
from photomeson reabsorption, on the other hend, should be 


roughly isotropic. 
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The simple línear reisiionsnip oi Fig. lO between d/p 
ratios and A/Z tempts one to propose &n egually sinple expla- 
nation using the pick-up model. 

it hee teen found experímental1y (24 that photoproton 
yields ere proportional to 2 for particle energies considered 
here, Although less duta sre available on energetic photo- 
neutrons, their yields seem to be similar to those of tne protons, 
Therefore, assume 


N, Кү%, ка" (Ку2)Р д 


Na = Kol, Ера = (К.Р д 
where N, and Ын are the numbers ої photoprotons ang neutrons, 


respectively, Ry and Ko are proportionelity constants, P а апа 


р 
Pra are energy-dependent functions expressing the probabilities 
of proton-neutron and neutron=-proten piek-un by an outgoing 
particle, ani Ба and Nag ETO resulting numbers of deuterons 


formed, The deuteron-to-proton retío then is 


казни КОР, Kip 
Qe лу ныш 
K 
= Pog * E Pas 


If, as is reasonable from the similsrity in the messurements 


of York and Belove, we assume 2” = Рра» We get 
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Z + (K,/K.)N 
4. pa ых 


If we further assume that Ky з Ко, Ме get, finally 


Pen) 


The nature of Pad and P d should be considered further. 


It has been tecitly assumed * this development that the piek- 
up probabilities themselves do not vary with A. It might be 
reasonable to expect the Pá'!s to be proportional to the prob- 
ability of a nuclear encounter which, for example, could be 
proporticnal to the nuclear radius, ву МЭ, This would prediet 
that Ё а a in disagreement with the date. On the other 
hand, if the pick-up occurs only at the nuclesr surface, as 
suggested by Chew and Goläberger, (1?) Род anc Pod would depend 
on the nuclear surface densities of protons and neutrons 
respectively. Thus, more precise messurenents of the d/p 
ratios over a wide range of nuclides might yield information 
both on the pick-up mechanism end on the nature of the nuclear 


surface. 
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VI. EXTENSIONS OF PRESENT WORK 


The results of this experiment suggest several further 
investigations: 

(1) It would be desirable to extend the particle energy 
range investigated, using absorbers. 

(2) The A/Z dependence indicated should be verified by 
irradiating additional target materials. 

(3) More date should be obtained at low beam energies 
to reduce any mesonic contributions. 

(4) Ranges of observation should be shifted to examine 
the doubly charged particles that are ejected and to determine 
the relative yields of He? &nd не". 

This last point is particularly interesting because if 


tritons are formed by a pick-up process, some не? should be 


seen as well. 
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VIII. APPENDICES 


APPENDIX I 
DETECTION MUTHOD 


For a heavy particle of charge Z, nonrelativistic energy 
E, and mass M, the rate of energy loss in a given material dus 


to ionization(? is 


u oo 2 Ng 
This may be written 38/4х = azr (M/E) where a is a constant. 
From the range-energy tables of Aron, it may be ssen that in 
Ag over a range of 10-150 Mev, & a get, (Ag is considered 
here since its stopping power most nearly approximates that of 
Nal.) 
Differentiating, we get dZ/àx ~ 1/®9, ЇЗ, Comparing this 


expression with the theoretical relation we obtain 


0.73 
dE eM 
ах = 82 (р) 


Thus, measurements of F and di#i/dx suffice to identify the ionizing 

e: * ^ ЭРТ: зу sen 2 0.1.7. 0.73 
particle. For a given particle, the product E x (dE/dx) = az”E M , 
which is very nearly constant over a limited energy renge; therefore a 


plot of dE/dx vs E should approximate a hyperbola. 
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For particles of the same energy, 


(ак/ах) 


euteron a. Y 4 =m 
proton 


and 


(ав/ах),, 
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dE/dx proton 
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APPENDIX II. 


CHOICE OF Nal(T1) 


if the fluorescence efficiency, dL/dE, of a scintillation 
crystal is a function of the specific Ionization, 4Е/4х, of 


the particle, we may write 


= E = (ЗЕ ог = = ($) 


from Teylor et al, 23) Гог Каї(Т1) seintilletors, 9L ~ SÈ for 


deuterons and protons with energies above 1 Kev. For anthracene, 
«0.62 
on the other hand, SB approaches ($5) М in the limit at 


high energies. Therefore, 


(а/ж), 
CIO чеком = 20.72 = 1.66 for а given energy (NaI) 
ч proton 
(41,/4х) 0.62 
and -rar — = = (29:73) = 1.37 (anthracene). 
| »roton 


Thus NaI(Tl) is an inherently superior scintillator where perticle 
identification is important. 
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APPENDIX ІІІ 


RELATIVE MASS RESOLUTION 


Considering statistical fluctuations alone, if the 
number of photeelectrons collected at the photocathode of 


counters No, 1 and No. 3 are n,4E and nE, respectively, 


the reletive pulse widths are r, = ~ and Гү, = — 
1 vn, SE 3 У паб Р 


where n is the number of photoelectrons emitted per Mev lost 


in the crystal. From Appendix I, for particles of the same 


0.73 1.27 
charge, - ~ (Ë) , whence m ~ z (SS) ° 


Since AE ~ dE/dx, we may write 
Thus the relative uncertainty in mass, 


r = V(r е + (те) 


m Ap? “ 


= / (1.27) (г ль) + (тр) 


Assuming statistical errors only, we substitute ry and гз for 
PAR end Tg to get 


т = У (1.27) ііі. 
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Since E > 10АЕ, апа Mg > Ny, the second term under the radical 


can be neglected. When this is done, the variation in MASS, 


Am = mr, = ¡AR 


0.7 
Substituting AE = K($) и we get 


j^ 


la K(n/2)9*7 
where K and Kf are constants. Therefore, the mass resolution 


of any particle relative to the mass resolution of a proton of 


the same energy is 


„Am = (>) аны 
Ат, m. 





(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(11) 
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(17) 
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